Di-(2-picolyl)amine (dpa) can coordinate with transition metal ions through an amine nitrogen as well as two pyridine nitrogens and act as a tridentate ligand. The transition metal complexes with dpa or substituted-dpa ligand continue to be interest in many fields in chemistry. For example, carbohydrate-appended dpa metal complexes were suggested as potential imaging agents 1 and sugar-pendant dpa Cu(II) complexes were used to regulate chirality on the copper coordinated oxygen atom. 2, 3 Zinc-dpa complexes were applied to fluorescent chemsensors toward a phosphrorylated peptide surface. [4] [5] [6] Recently, the monomeric structure of copper chloride complexes with dpa, Cu(dpa)Cl 2 , was reported by two research groups 7, 8 to study on the C-N bond cleavage of carboxamide by coordination of a neutral tertiary carboxamide nitrogen atom. 8 But the packing modes of Cu(dpa)Cl 2 were not reported even if the packing network plays an important role in determining its properties in solid.
Herein we prepared CuX 2 (X = Cl, Br) complexes with dpa ligand in methanol solution and their structures were determined using X-ray single crystal diffraction analysis method. We extended the study to examine the packing modes of the prepared compounds in the solid state and investigate the role of amine nitrogen whether it took part in the formation of the hydrogen bonding to make a low dimensional network. The magnetic and optical properties were also studied on the basis of the corresponding structures.
Experimental Section
Di-(2-picolyl)amine was obtained commercially from Aldrich Chemicals and used without further purification.
Cu(dpa)Cl 2 was prepared from the direct reaction of di-(2-picolyl)amine (dpa) with CuCl 2 . A solution of CuCl 2 (0.5 mmol) in 20 mL of absolute methanol was added dropwise to 20 mL of dpa (0.5 mmol) absolute methanol solution. The resulting mixture was stirred overnight and then allowed to stand at room temperature. The blue block crystals were obtained by a slow evaporation method. The blue Cu(dpa)Br 2 crystals were prepared by a similar method using CuBr 2 The data for X-ray structure determination was collected on a CAD-4 diffractometer equipped with graphite monochromated Mo Kα radiation (λ = 0.71073 Å) at 295 K. The unit cell dimensions were determined on the basis of 25 reflections in the range of 11.40 o < θ < 12.52 o . The data was collected by the ω/2θ scan mode. All non-hydrogen atoms were found by the direct method and their parameters were refined successfully by full matrix least-squares. H atoms were geometrically positioned and fixed. Empirical absorption corrections were applied to the intensity data for the prepared crystals by using ψ-scans. The programs used to solve the structure and to refine the structure are as follows: SHELXS97 and SHELXL97; 9 Molecular graphics; Ortep-3 for windows. 10 Crystallographic data for the structures reported here have been deposited with the Cambridge Crystallographic Data Centre (Deposition No. CCDC-613877 for Cu(dpa)Cl 2 and CCDC-614077 for Cu(dpa)Br 2 ). The data can be obtained free of charge via www.ccdc.cam. ac.kr/perl/catreq/catreq.cgi (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223 336033; Email: deposit@ccdc.cam.ac.uk)
The EPR spectral measurements were carried out for powered samples at 77 K using an ESP-300S EPR spectrometer at the X-band frequency. The field modulation frequency was 100 kHz and DPPH was used as a reference.
Magnetic susceptibility data was collected from 4 to 300 K by the SQUID method using the Magnetic Property Measurement System (MPMS7) Quantum Design. The data was corrected for the diamagnetism of the constituent atoms di-(2-picolyl)amine Notes using Pascal's constants and for the temperature-independent paramagnetism of the copper estimated to be 60 o × 10 −6 cgsu/ Cu atom. Electronic absorption spectra were recorded on a Jasco V-570 UV/Vis/NIR spectrophotometer in methanol.
Results and Discussion
Description of structure. The titled compounds consist of monomeric Cu(dpa)X 2 (X=Cl, Br) units that are connected through the hydrogen bonds and form one dimensional net work in the cell.
The crystallographic data and structure refinement parameters of the prepared compounds are summarized in Table  1 . The selected bond distances and bond angles of these two compounds are listed in Table 2 . A typical ORTEP view of Cu(dpa)Cl 2 including the atomic numbering scheme is shown in Figure 1 . The complex adopts a pentacoordinated square pyramidal geometry in which three nitrogen atoms in dpa ligand (N1, N8, N1') and one chloride atom (Cl1) occupy the equatorial sites and the other chloride atom (Cl2) possess an axial site.
The coordination pattern of three nitrogen atoms in dpa ligand is a meridional fashion forming a planar rearrangement. This 'planar' rearrangement is different from a 'folded' rearrangement in which one of the pyridyl nitrogens in dpa possess an axial site, and the remaining amine nitrogen and the other pyridyl nitrogen occupy equatorial sites. Therefore, dpa chelates facially with the copper(II) ion in a folded rearrangement. The meridional 3, 6, 11 and facial 12 fashions in Cu(II) complexes with dpa ligand are found for some other complexes. The meridional fashion in the present complexes leads to a regular square pyramidal coordination environment. The calculated trigonality index τ value of Cu(dpa)Cl 2 is 0.035 indicating that Cu(dpa)Cl 2 is almost regular square based pyramidal structure (τ = 0 for square pyramid and τ = 1 for trigonal bipyramid 13 ). Figure 1 . ORTEP diagram of Cu(dpa)Cl2 complex, which is shown the atom-numbering scheme (symmetry code: x, −y + 1/2, z) and 30% probability ellipsoids.
The crystal structure of Cu(dpa)Br 2 is similar to that of Cu(dpa)Cl 2 with the calculated τ value of 0.075. The trigonal distortion of Cu(dpa)Br 2 is larger than that of Cu(dpa)Cl 2 . This is probably due to the rather steric hindrances of the larger bromide ion. The monomeric structure of Cu(dpa)Cl 2 were reported by Choi et al. 7 and by Niclas et al. 8 Their crystallographic data were unsignificantly different from our work except the unit cell dimensions [(a, b, c, β and Z o and 2 by this work)]. The literature data exhibited more trigonally distorted structure than our data with τ = 0.129 (by Choi) or τ = 0.05 (by Niclas). The differences from our results are probably due to the synthetic method and/or the crystallization conditions. However, both of the reported data did not show the packing diagram of Cu(dpa)Cl 2 in the cell. Figure 2 shows a molecular packing diagram typically for Cu(dpa)Cl 2 in solid. Intermolecular hydrogen bonds are shown with short dashed lines. Table 3 shows the bond distances and bond angles of hydrogen bond for Cu(dpa)Cl 2 and Cu(dpa)Br 2 . The results imply that there is a hydrogen bond formation between the hydrogen atom in N8-H in the dpa ligand and the adjacent axial chloride [Cl2] ions. The Cu(dpa)Cl 2 molecules are held together in one dimensional network through these hydrogen bondings. The Cu(dpa)Br 2 complex shows a similar hydrogen bonded network in the crystal.
This hydrogen bond can affect the Cu-Cl and Cu-N bond lengths in Cu(dpa)Cl 2 . The distance of Cu-Cl axial is longer than that of Cu-Cl equatorial by 0.4 Å in the present complex. This increase in Cu-Cl axial is resulted from a reduction of electron density on the axial chloride ions due to a formation of the intermolecular hydrogen bonds between the axial chloride ions and the amine hydrogens.
14 Particularly notable is the Cu-N bond length in Cu(dpa)Cl 2 . Choi et al. 7 reported that Cu-N amine (2.075 Å) was longer than Cu-N pyridine (2.006 Å) bond length in monomeric Cu(dpa)Cl 2 . They proposed that this differences were on account of the sp 3 hybridization of the coordinated tertiary nitrogen atom in Cu-N amine . Such a result was also reported in copper(II) complexes with dpa-derived ligands. 15 But we examined the controvertible result that Cu-N amine (1.996 Å) is shorter than Cu-N pyridine (2.021 Å) bond length in the present Cu(dpa)Cl 2 complex. Palaniandavar et al. 16 reported the structure of [Cu(dpa) 2 ]BF 4 , and they examined the pentacoordinated square pyramidal [Cu(dpa) 2 ] 2+ as well as hexacoordinated octahedral [Cu(dpa) 2 ] 2+ cation in the same cell. In the square pyramidal [Cu(dpa) 2 ] 2+ cation, one dpa coordinated with copper(II) ion meridionally in the equatorial site and the other dpa functioned as a bidentate ligand with one of the pyridine nitrogens in the equatorial site and the amine nitrogen in the axial position. The shorter Cu-N amine bond (Cu-N pyridine = 2.044, 2.027 Å and Cu-N amine = 1.9957 Å) in the equatorial site in a square pyramidal [Cu(dpa) 2 ] 2+ cation is a consequence of the hydrogen bond formation between the uncoordinated pyridine nitrogen in a bidentate dpa ligand and the hydrogen atom in the secondary amino group in an equatorial site. Therefore we suggest that the shorter Cu-N amine than Cu-N pyridine bond can be elucidated from the fact that the amine hydrogens took part in the formation of the hydrogen bond resulting in the stronger bond formation between the amine nitrogen and copper(II) ion in Cu(dpa)Cl 2 crystal.
Magnetic and optical properties. The magnetic susceptibilities of powdered Cu(dpa)Cl 2 sample were collected as a function of temperatures in the range of 4 K to 300 K typically in Figure 3 . The magnetic susceptibility data increased as decreasing the temperatures and no maximum in the susceptibilities was observed exhibiting a paramagnetic behavior with a Curie-Weiss tail. The magnetic sus- . The values of calculated magnetic moment at room temperature are 1.82 B.M. and 1.87 B.M. for Cu(dpa)Cl 2 and Cu(dpa)Br 2 respectively. The magnetic moments are almost constant in the experimental temperature which is a typical feature for isolated copper(II) complexes with one unpaired electron. This result is expected from the fact that the nearest distances between Cu…Cu [6.531 Å and 6.764 Å for Cu(dpa)Cl 2 and Cu(dpa)Br 2 respectively] are much longer than the sum of the corresponding van der Waals radii, and this distance is considered to be too long to allow any significant magnetic interactions between the units. EPR spectra of the prepared compounds were obtained for powdered solid at 77 K. The EPR line shapes for both compounds exhibit a resolution of parallel (g || ) and perpendicular (g ⊥ ) components with an axial symmetry [g || = 2.244, g ⊥ = 2.060 for Cu(dpa)Cl 2 and g || = 2.218, g ⊥ = 2.078 for Cu(dpa) Br 2 ] . No observation of a well-defined hyperfine splitting in both compounds is likely due to the hydrogen bonding formed between N8-H in the dpa ligand and the adjacent terminal chloride [Cl2] . EPR spectra are consistent with a pentacoordinated square pyramidal structure with the unpaired electron in the d x 2 −y 2 orbital.
The UV-Vis. spectra in methanol solution shows an asymmetric broad peak occurring at around 670 nm and a intraligand π → π * transitions with a maximum at 299 nm for both compounds. The absorption maximum at around 670 nm is typical of the spectra for the copper(II) complexes with a pentacoordinated square pyramidal geometry that generally exhibit due to the transition of d xz , d yz → d x 2− y 2, being consistent with its stereochemistry. 17 In conclusion, the tridentate dpa ligand coordinated with copper(II) halide in a meridional fashion, which leaded to a square pyramidal geometry around copper(II) ion. The prepared complexes conducted like isolated descriptive monomers in a magnetic behavior, even if the complexes held together through hydrogen bonds forming one-dimensional network in the solid state. The hydrogen bond can affect the copper-nitrogen bond strength resulting in a shorter Cu-N amine than Cu-N pyridine bond length, which is contrary to the reported data. and Curie-Weiss fit of χ −1 (right scale, triangle shape) vs. temperature in the region of 4-300 K for Cu(dpa)Cl2.
